Competent cell transformation with DNA obtained by the gentle lysis of protoplasts (LP transformation) was used to replace a large genomic region in this study. Discontinuity was detected in the replacement of the donor region tested, probably due to multiple crossover events involving a single donor genome fragment. To overcome discontinuous replacement, we inverted the genomic region to be replaced in the donor used for LP transformation. The replaced region in the transformant was identified to have a continuous genomic region originating from the donor genome. Furthermore, the genome region to be replaced was inverted in the recipient, and the same region and the flanking 10 kb region of both ends was inverted in the donor genome. LP transformation was conducted with the two inversion mutants and it is possible to restrict homologous recombination to the 10 kb flanking regions. Using this method, the 99 kb yxjGyxbA region, the 249 kb pbpG-yxbA region and the 602 kb yvfT-yxbA region were suggested to be replaced continuously and accurately.
INTRODUCTION
Bacillus subtilis, an endospore forming gram-positive soil bacterium, is one of the most important industrial strains because of its highly efficient protein secretion. The completion of the sequencing and annotation of the B. subtilis 168 genome has supplied a complete view of the B. subtilis protein workings (Kobayashi et al., 2003; Kunst et al., 1997) , and this knowledge makes it possible to construct a productive strain for protein production by large-scale genetic manipulation methods, such as gene deletion, gene modification, genomic rearrangement and replacement of genomic regions.
The efficient and accurate replacement of a large genomic region is needed for construction of the B. subtilis mutant with whole genome-wide manipulation. The average size of the DNA segments incorporated into B. subtilis cytoplasm was estimated to be 8.5 kb (Dubnau, 1997) , even though the maximum genomic distance covered by contiguous DNA was estimated by the mapping of two linked genomic markers to be approximately 30 kb (Henner and Hoch, 1980) . However, the 50 kb heterologous segment of lambda DNA with 2 antibiotic markers was indicated to be integrated into the B. subtilis chromosome continuously when a sufficient length of the flanking genomic region is provided for homologous recombination (Itaya, 1999) . To our knowledge, there is no report about the continuous replacement of a segment larger than 10 kb regarding the homologous region of the B. subtilis genome, because of the limitation of the DNA fragment in length when prepared by genomic DNA isolation or PCR amplification; however, transformation with the lysate of protoplast (LP transformation) has been reported to have much higher transformation efficiency than the conventional method using purified DNA (Akamatsu and Sekiguchi, 1987; Young, 1973, 1975; Dubnau, 1997) , and Edited by Fujio Kawamura *Corresponding author. E-mail: liu.shenghao@kao.co.jp cotransformation linkages have been observed significantly between two markers separated by about 100 kb in the B. subtilis genome (Akamatsu and Sekiguchi, 1987; Taguchi, 2000, 2001; Saito et al., 2006a, b) . LP transformation was therefore used for the accurate replacement of large genomic regions in B. subtilis in this study. Discontinuity of integration was detected even in the 3.4 kb segment transformation of purified genomic DNA or PCR product (Zawadzki and Cohan, 1995) . It is predictable that discontinuous integration should occur more often for large region replacement using LP transformation. In order to achieve complete large region replacement, discontinuous integration is the first problem to be overcome. Moreover, when replacement was conducted between 2 genetically manipulated genomes with the same origin as B. subtilis, it is necessary to restrict the genomic region to be replaced (GRR) in order to protect the region outside the GRR, which should not be replaced. In other words, double crossover is expected to occur in the desired positions, which will be the second problem to be dealt with in this study. In the present paper, we describe the method for replacing a genomic region as large as 600 kb at the desired position by using LP transformation.
MATERIALS AND METHODS

Bacterial strains, plasmids and oligonucleotides
The bacterial strains and plasmids used in this study are listed in Table 1 . All B. subtilis recombinant strains are B. subtilis 168 derivatives. The primers used for PCR amplification were synthesized by Sigma Cenosys (Table 2) . Culture and growth conditions All organisms were grown in Luria-Bertani (LB) broth or LB agar supplemented with the appropriate antibiotic when required. To select resistance cells of Escherichia coli, ampicillin (Ap), 100 μg/ml, was used. Spectinomycin (Sp), 100 μg/ml, chloramphenicol (Cm), 10 μg/ ml, erythromycin (Em), 2 μg/ml, neomycin (Nm), 20 μg/ml, and tetracycline (Tc), 10 μg/ml were used to select resistance cells of B. subtilis. Spizizen minimal medium was used as the basal medium for the preparation of competent cells, as described previously (Anagnostopoulos and Spizizen, 1961) .
Construction of marker cassette plasmids
Two marker cassette plasmids, pBNEC and pBEOC, used for genome segment inversions, were constructed. The Nm resistance gene (neo) cassette was constructed by fusion of the promoter region of the repU gene and the gene coding for Nm resistance, both derived from pUB110 (McKenzie et al., 1986) as described previously (Itaya et al., 1989) . The 3'-323 bp truncated fragment of neo (NE) and the Cm resistance gene (cat) originating from pC194 (Horinouchi and Weisblum, 1982) were cloned into the SpeI-SalI sites of pBluescript SK II to generate the NEC cassette plasmid pBNEC. Similarly, the EOC cassette plasmid pBEOC was constructed by cloning the Em resistance gene (erm) of pMutin3 (Vagner et al., 1998 ) and the 5'-470bp truncated fragment of neo (EO) into SpeI-SalI sites of pBluescript SK II. A 521bp region overlapped 'NEC' and 'EOC'. When integrated into the chromosome of B. subtilis, neither NEC nor EOC could express Nm resistance due to truncation of the neo gene at 5'-or 3'-ends.
Integration of marker cassettes into B. subtilis
genome Integration of the EOC cassette into the yxnB locus was performed as follows. The cassette was amplified by PCR from pBEOC using primers emf2 and neor ( Table 2 ). The 1 kb flanking sequences upstream (UP) and downstream (DOWN) of yxnB were amplified by PCR from the B. subtilis genome using primers of yxnBFW and yxnB/EmR, and yxnB/Nef and yxnBrv respectively. The UP fragment and DOWN fragment overlapped with EOC in 20 bp at the 5'-end and 3'-end, respectively. The 3 PCR fragments were then ligated by SOE-PCR (Ho et al., 1989 ) using a primer set of yxnBfw2 and yxnBrv2. In order to minimize the minor products of PCR ligation, the primers of yxnBfw2 and yxnBrv2 were designed a dozen bases inside from yxnBfw and yxnBrv at 3' ends, respectively. Subsequently, B. subtilis was transformed with the PCR fragment of UP-EOC-DOWN by the competent cell method (Anagnostopoulos and Spizizen, 1961) . The integration mutant strain, represented as 168EOC, was obtained by the selection of Em resistance. Insertion of the cassette into the genome was verified by PCR analysis. The strain 168EOC2 was constructed by introducing the EOC cassette into the yxnA locus in the same way as 168EOC. The NEC cassette and other antibiotic markers were integrated into the chromosome of B. subtilis or its derivatives using the same method as described above. The mutant strain D41 was constructed by integrating Tc-resistance gene (tet), erm, cat, and neo into leuDCBA, yshBA, lytTS, and argHG loci, respectively. D44 and D43 were constructed similarly (Fig. 1) . Mutant 168SP was constructed by integrating the Sp-resistance gene (spm) (GueroutFleury et al., 1995) into the epr locus, which was used as a recipient.
Mutant strains E100N, E250N and E600N were constructed from 168EOC by integrating the NEC cassette into yxjH, speE and yvfU loci, respectively, and the relative genes were deleted simultaneously.
The strain Dpr8SP was constructed from Dpr8 by integrating spm into the amyE locus. 168EOC3 was constructed by integrating spm and tet into yxnB and yxeA loci of 168EOC2, respectively, and the yxnB and yxeA genes were deleted simultaneously. From 168EOC3, three mutant derivatives of DCM1, DCM2 and DCM3 were produced. In these strains, aldY, albC and yvbT genes were replaced with the NEC cassette.
Transformation with DNA obtained by gentle lysis of protoplasts (LP transformation) Competent cells were prepared basically as described by Anagnostopoulos and Spizizen (1961) . Protoplasts were prepared as described previously (Akamatsu and Taguchi, 2001; Chang and Cohen, 1979) . One ml of B. subtilis cells was grown in LB medium until OD 600 =1. The cells were then harvested by centrifugation at 12000 rpm for 3 min. The cell pellet was suspended in 0.5 ml of SMM (0.5 M sucrose, 0.02 M maleate buffer, 0.02 M MgCl 2 , pH 6.5). Lysozyme was added to 2mg/ml final concentration and the suspension was incubated at 37°C for 1 hr. The pellet was resuspended at 0.5 ml of SMM to obtain protoplast suspension. After appropriate dilution with SMM, 0.1 ml of protoplast suspension was added to 1 ml of competent cell culture and incubated at 37°C for 30 min. The cells were then plated onto LB agar containing appropriate antibiotics for transformant selection. The occurrence of an osmotolerant colony was about 10 -4 to 10 -5 under the experimental conditions described above. The protoplast concentration and the number of recipient cells used for one transformation were about 10 4 to 10 5 and 10 7 to 10 8 , respectively.
DNA manipulation techniques
The isolation and manipulation of recombinant DNA was performed with standard techniques. Enzymes were commercial preparations and were used as specified by the suppliers. Chromosomal DNA was prepared with the Microbial Genomic DNA Isolation Kit (MO Bio). E. coli transformation was performed as described previously (Inoue et al., 1990) . All PCR amplifications were performed using Pyrobest DNA polymerase (Takara). PCR products were purified with a High PCR Purification Kit (Roche).
RESULTS AND DISCUSSION
Cotransformation efficiency of LP transformation To understand whether LP transformation can be used to replace continuous large genomic regions, we analyzed the cotransformation efficiency for three markers located on the genome with various distances on LP transformation of 168SP using protoplast of D41, D43 or D44 as a donor ( Fig.   1 ). At first, transformant colonies were selected with outer two of three markers, and then cotransformation of a remaining central marker was examined for the selected transformants. For example, when D43 was used as a donor, transformant colonies with the double resistance of Nm and Cm (A) were selected, and then cotransformant colonies with Em resistance among A (B) was examined by replica plating to LB agar supplemented with Em (Fig. 1) . Cotransformation efficiency was estimated as the ratio of appearance of B among A tested. If continuous genome region containing three markers is replaced for the corresponding genome region of recipient strain, all the three markers should be found in the transformant. For the different distances between outer two markers with sizes of 10 kb, 20 kb, 30 kb, 60 kb and 112 kb, cotransformation efficiencies of the central marker were estimated as 96.3%, 91.4%, 63.9%, 18.4% and 12.1%, respectively. The result shows that the decrease of cotransformation efficiency is accompanied with an increase of the fragment size to be replaced. Cotransformation efficiencies were markedly decreased for 60 kb and 112 kb segment. It is apparent that discontinuous replacement of genome region occurred frequently in LP transformation, especially for the segments of more than 60 kb. In this experiment, we used a relatively low concentration of protoplasts (about 10 4 ) and the ratio of protoplasts to competent cells was about 10 -3 to 10 -4 , so that congression events could be avoided (Akamatsu and Sekiguchi, 1987) . Otherwise, if congression was the reason for discontinuous replacement, cotransformation efficiencies would not vary so much; therefore, the discontinuous replacement event will be probably due to multiple crossover events involving a single donor fragment. In the previous study of transformation with genomic DNA or PCR-amplified DNA as a donor, discontinuity in the integration of the donor molecule was also observed (Zawadzki and Cohan, 1995) , even when the DNA size was only 3.4 kb.
It is difficult to ensure continuity in the transformation of the donor genome, even though LP transformation can be used for the recombination of a large region of more than 100 kb. The high homology between the two regions of donor and recipient is considered a major cause of discontinuity events, because it is observed that a 124 kb region could be integrated continuously to the recipient with the same region deletion (data not shown).
Construction of inversion mutants
It is possible to invert a DNA segment of the B. subtilis genome in vivo by integrating two marker cassettes with a homologous region in an opposite orientation (Toda et al., 1996) . This technique allows us to consider elimination of the homolog between the region to be replaced and the relative region of the donor genome, which is a possible reason for discontinuous replacement. We integrated the two incomplete Nm resistance-gene cassettes, NEC and EOC, into two ends of the region to be inverted. Based on 168EOC, we constructed 3 mutant strains, E100N, E250N and E600N, by integrating the NEC cassette in yxjH, speE and yvfU loci, respectively.
The inversion mutant was obtained by selecting an Nm resistance phenotype, due to the formation of an intact neo gene resulting from homologous recombination between a 521bp identical sequence in NEC and EOC cassettes (Fig. 2) . The strains, E100N, E250N, and E600N, were grown in LB medium for 4 hr at 37°C, and then plated onto an LB agar plate with Nm after appropriate dilution, respectively. Nm-resistant colonies were selected as inversion mutants, represented as E100NR, E250NR and E600NR, respectively. Genomes of these inversion mutants were verified by PCR analysis using different primer sets (primer 1 to 8, see Fig. 2 ). The inversion efficiencies per generation of 99 kb (yxjG-yxbA), 249 kb (pbpG-yxbA), and 602kb (yvfT-yxbA) regions were 1.64×10 -6 , 1.99×10 -6 , and 8.33×10
-7 , respectively. Toda et al. (1998) have estimated the inversion efficiency of a 1652 kb segment as 6.9×10 -8 , which is lower than our present data. Our primary study suggested that inversion efficiency is related to the length of the region to be inverted. The low inversion efficiency of the 1652 kb segment is probably due to its large size.
Another 3 inversion mutants RSD1, RSD2 and RSD3 were obtained by the selection of Nm-resistant colonies from DCM1, DCM2 and DCM3, respectively. The inversion junctions of RSD1, RSD2 and RSD3 were identified by PCR amplification using different primer sets.
Replacement of inversion region LP transformation was conducted using Dpr8SP as the recipient, and E100NR, E250NR and E600NR as donors, in which the size of the inverted region of genome was 99 kb, 249 kb and 602 kb, respectively. The transformation with E600NR is shown in Fig. 2 . Eight protease genes of vpr, epr, mpr, aprE, wprA, nprB, nprE, and bpr were deleted in Dpr8SP. vpr and epr were located between pbpG and aldY loci, and the other 6 protease genes were located downstream of yxnA (Fig. 3.) . The transformants were selected as Nm and Sp-resistant colonies after LP transformation. The transformation efficiencies were 1.85×10 -5 , 0.84×10 -5 and 0.47×10 -5 , respectively, for 99 kb (E100NR), 249 kb (E250NR) and 602 kb (E600NR) regions, when calculated as (number of transformant)/(cell number of recipient). Nm r Sp r transformants were randomly selected by replica plating onto Cm and Em containing LB agar plates respectively, and all of the colonies tested were expressed as resistance phenotypes for Cm and Em. This indicated that the whole region of 99 kb, 249 kb and 602 kb of recipient strain Dpr8SP was replaced by a related identical region flanked by cat-E-erm and neo in donor strain E100NR, E250NR and E600NR. For the Nm and Sp double-resistance transformant, Sp r is the recipient origin and Nm r is due to the integration of neo from the donor. A doublecrossover event must occur for neo integration into the recipient genome. Assuming that 'b' is one of the positions for double crossover, 'a' should be the other, because 2 yvfT-yxbA regions in the donor and recipient were in opposite orientation and it was impossible to provide the other position for double crossover (Fig. 2) . The positioning of cassettes at the two ends of the inversion region is the key point for the determination of a double-crossover position outside the cassettes. In other words, whole region replacement will be obtained by the selection of markers on either side of the region to be replaced.
Moreover, the replacement of 99 kb, 249 kb and 602 kb inversion regions was certified by PCR analysis. The results showed that vpr and epr genes, located between speE and aldY loci, existed in E250NR and E600NR transformants but not in E100NR transformants, and mpr, aprE, wprA, nprB, nprE, and bpr genes, located downstream of yxnA, were certified to be absent in all of the transformants by PCR amplification (Fig. 3) . Furthermore, the junctions of the inversion region were also identified by PCR. It is demonstrated that the 99 kb region of yxjG-yxbA, the 249 kb region of pbpGyxbA and the 602 kb region of yvfT-yxbA in recipient genomes were continuously replaced by the corresponding inversion regions of donor genomes.
Replacement of inversion region in a restricted
position The antibiotic resistance marker was used for the selection of a genome replacement mutant, as shown in Fig. 2 . While Nm or Cm resistance was selected for the transformants, it is considered that a double-crossover event must occur outside the markers of the reversed region; however, it is impossible to predict where the double crossover occurs, close to or far from the markers. To avoid an undesirable replacement of segment too far from the markers to be replaced, it is necessary to allow the double crossover to occur in the restricted positions. We reported a method for the replacement of a restricted genome region as follows, in which the region to be replaced was reversed in the recipient, and the related region, including 10 kb outside the two ends, was reversed in the donor genome (Fig. 4-I) .
The recipient strains E100NR, E250NR and E600NR and the donor strains RSD1, RSD2 and RSD3 were used in pairs for LP transformation. The 99 kb region of yxjG-yxbA, the 249 kb region of pbpG-yxbA and the 602 kb region of yvfT-yxbA were reversed respectively in the recipient strains of yvfUfw, 2. catr, 3. rneof, 4. yvfUrv, 5. yxnBfw, 6. emf2, 7. neor, 8. yxnBrv . The small arrows under the numbers express the direction of primers from 5' to 3'. The lines express the genomes of B. subtilis. The big gray arrows express the wild-type region of yvfT-yxbA, and the arrow direction expresses the genomic direction clockwise. The large dark arrow expresses the mutated region of yvfT-yxbA. 'NEC' and 'EOC' cassettes in the E600N chromosome were integrated in an opposite orientation and homologous recombination (indicated as X) occurred at 'E' resulting in the inversion of the yvfTyxbA region to generate E600NR. 'N', 'E' and 'O' express the 5'-, middle and 3'-regions of the Nm resistance gene, respectively. The 8 protease genes of vpr, epr, mpr, aprE, wprA, nprB, nprE , and bpr were deleted in Dpr8SP. cat, Cm resistance gene; erm, Em resistance gene; spm, Sp resistance gene.
E100NR, E250NR and E600NR, and at the 2 ends of relative inversion regions the erm-E-cat cassette and neo gene were flanked, respectively (Figs. 3, . In the donor strains RSD1, RSD2, and RSD3, the regions which include those inverted in the corresponding recipient strains as mentioned above, and extended for about 10 kb at both ends were inverted. So the inversion region in the donor strain was about 20 kb longer than that in the corresponding recipient strain. The model of transformation of E600NR with RSD3 is shown in Fig. 4 -I. The Sp resistance gene of spm was inserted at the yxnB gene locus as a selection marker and the unselective marker tet was introduced in the yxeA locus in the donor stains. As shown in Fig. 4-I , when COR1 and COR2 are in the same orientation, the region between COR1 and COR2 (yxjG-yxbA in E100NR, pbpG-yxbA in E250NR and yvfT-yxbA in E600NR), the region upstream of COR1 and the region downstream of COR2 are all in opposite orientation between the two genomes of recipients and donors. If double crossover occurs in the two crossover regions of COR1 and COR2, homologous recombination will not occur in the other regions upstream and downstream of the two crossover regions. The replacements of yxjG-yxbA in E100NR, pbpG-yxbA in E250NR and yvfT-yxbA in E600NR were selected as Sp resistance after LP transformation using donor and recipient pair strains. Sp resistance transformants were obtained with efficiencies of 2.36×10 -5 , 2.97×10 -5
, and 1.22×10 -5 , respectively, when calculated as the ratio to the number of living cells in competent culture. One hundred and ninety two colonies out of the Sp r transformants were replicated onto Nm, and Emcontaining LB plates, and 110, 106 and 59 colonies were identified, respectively, to be sensitive to both markers. It is suggested that these transformants should originate from the replacement of continuous regions between COR1 and COR2 and double crossover should occur at COR1 and COR2 as expected.
Except for the recombination between COR2 and COR1 described above, double crossover between the relative marker cassettes of CE and neo or between the homologous sequences of UP and DN (Fig. 4-I) will be able to obtain Sp-resistant transformants; however, these transformants express Cm, Em and Nm resistance, because of the existence of the cassettes (CE and neo) in the genomes. Therefore, the target transformants can be easily identified as Nm, and Em and/or Cm-sensitive phenotypes, composed of 57%, 55% and 31% of total Sp-resistant transformants in the transformation with 99 kb, 249 kb and 602 kb regions, respectively. It is suggested that COR1 and COR2 will be the main positions for double crossover for Sp-resistant transformants. (Fig. 4-II) . DNA organizations of four junctions flanking COR1 and COR2, which resulted from inversion of the regions between COR1 and COR2, and the regions from COR1 to COR2, were identified as the same as that of the transformant shown in Fig. 4-I . The 'yvbT' and 'yxnA' junctions were demonstrated to be the same as the recipient, and the 'spm' and 'yvfU' junctions to be the same as the donor.
Moreover, the replacement of inversion regions was also confirmed by PCR analysis of protease genes. The vpr and epr, located in the inversion regions of RSD2 and RSD3 (Fig. 3) , were identified to be absent in the replacements of 249 kb and 602 kb regions, as in the donor genomes. The other protease genes of mpr, aprE, wprA, nprB, nprE, and bpr, located outside the inversion regions (Fig. 3) , were identified to be the wild type in all of the transformants, as in recipient genomes. The PCR certification of epr, aprE, mpr, tet genes, 'spm' and 'yxnA' junctions in the transformants of 602 kb region replacement are shown in Fig. 4 -II. It is indicated that the genome arrangement of transformants differs from either the donor or recipient. Fig. 4 . Restricted replacement of the 602 kb inverted region. I. The 602 kb yvfT-yxbA region is expressed as a large gray arrow for the wild type, and as a dark arrow for the mutant of B. subtilis. The 9.7 kb yvbU-yvfV and 9 kb asnH-yxaF regions are shown as COR1 (crossover region) and COR2, respectively. The yvfT-yxbA region was inverted in the recipient genome of R600NR, and the region from COR1 to COR2, including yvfT-yxbA with a total size of 621 kb, was inverted in the donor genome of RSD3, in which strain 8 protease genes were deleted (see Fig.  3 ). spm was integrated in the yxnB locus and used as a selection marker. tet was integrated into the yxeA locus and used as a certification marker. Double crossover is shown as X. CE expresses cat-E-erm. The results suggested that inversion regions in the recipient genomes were continuously replaced, resulting from a double-crossover event occurring at COR2 and COR1.
This study represents, to the best of our knowledge, the first attempt to replace a genomic region of more than several hundreds kb in length. Our results show that it is possible to replace a genome region continuously at a restricted position even though the region is as long as 600 kb. Several advantages of this method can be mentioned: (i) a long genome region can be replaced; (ii) the cassette genes did not remain in the transformants; (iii) the replaced region was in the same orientation as the whole genome. Therefore, this method will be useful for the large-scale modification of the B. subtilis genome for industrial purposes, and for the study of genome rearrangement.
